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(57) Abstract 

Automated binocular vision measurement and correc- 
tion measure the refractions of each eye, the topography of the 
cornea, and the holographic corneal depth. The computer 
(407) assesses the visual characteristics and performs optical 
optimization calculations to determine the optimal corneal 
shapes that would provide the person with precise vision capa- 
bilities. An optimal closed pattern trace of low power level la- 
ser energy induces the malaxation of the corneal tissue. Laser 
energy is delivered to a stromal target (806) in the cornea (805) 
between the epithelium and endothelium. Predetermined par- 
ameters are measured using a moire technique. Data represen- 
live of an input fringe pattern which includes signal informa- 
tion of the fringe and noise is filtered in a Fourier transform 
technique to remove noise and back-ground. In conjunction 
pattern normalization is used quantifying data from the pat- 
tern. 
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Larry s. Horwitz 



Precis. ImPr ° Vlng i= vitaily important. 

terastics of surfaces including features of the eye is 
thus also vitally important. 

Since the Chou Dynasty (circa 479- 3 »i n r > 

«-orrection is required ha^ «. 
since that time TvnLf, M '° r P^, " lle " , 

Snellen's cha«' TyP1Mlly ' ln =»"t™ P orary practice 

nellen s charts are used with a phoropter to pragmati- 
cally quantify the vision correction. This reLeHn 
parent response to guantify the measurement Zo 
refractors have bB en invented that use the fcnif e edge 

fro" the 9U T y ViSUal a=Uity Vla 

gualifie, b .° PtlCal of the eye are 

nrl ^ three ar 6 •*•»•"«•■ currently. o„!y the 

=orreo t th v " lo a n berratl ° nS °' ^ " Und " d *" — to 

rect vision, since this is an <->..<- 

ali tn at can be measured. 

° Urrently ' Patlen£ ref «<=tion measurements 

Ztlf e T al feedback from the patient - * 

per o m t h -«~'- t- order to 

perform the measurement on both eyes simultaneously, the 

c to" I variables i„ the concurrent L - 

cators allow too many degrees of freedom that there would 
be no accuracy i„ the ref ractlon of either ™" 
only one eye can be measured at a time 
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A characteristic of the eye is needed in order 
to track its motion. Methods have been used that scar 
the cornea and track the scar. Tracking the inside edge 
of the iris is another technique that has been used 
however the iris diameter changes with anient light and 
ocular f le id of regard. Thus, the error induced a! the 
result of iris tracking is larger then the magnitude of 
the motion measured leaving it an invalid technique. 

This invention relates to measuring the and 
correcting characteristics or parameters of animate and 
inanimate elements. m particular, the invention is 
directed to the measurement of surfaces including inter- 
faces of features such as the retinal surface of the eye, 
the corneal topography and the depth of the cornea 
Moreover the invention is directed to measuring both 
animate and inanimate features whether in a stationary 
state or in motion. 



Different techniques have been developed for 
the accurate measurement of surface characteristics 
Often these techniques rely on a laser beam which 
impinges on a surface and which is then reflected a 
relationship between the impinging beam and the reflect- 
ing beam gives information about the surface character- 
istics, where the surface characteristics are other than 
Planar, the determination of parameters about the surface 
can be more difficult to obtain and analyze. Moreover 
where the system relies on a physical interf erometric ' 
technique, characteristics such as the mechanical 
stability of the system is critical in order to insure 
accurate measurement. Another feature of importance is 
the Path length to a subject surface to be measured and a 
path length to a control or reference. Temporal and 



spacial cohere are also difficult to stabilize wlth 
conventional physical interf erometric technique " S Wth 



-face J^^^TUT^^ ~— — 

— ..... ^jr.irr.i^: 1 

andothelial. Thereby providing Kerato»etric a„ d "1 
-trie quantified measurements . Moreover the Z" 1 " 
I":; « "Hereby re^ It nt 

:r::r h rtir;trrr and Mde to - — - 

tion and tbicfcness ^^^Z^ " r~ 
can be determined. „ ore specifically th!T , *** 
— e of any known abUi : y t f ^ ^ * 

data from the moire' D at*»,-„ <->. .. "naiyze the 

P rn that are obtained in » 
manner to appiy this data usefully to «,» Z 
usefulness would include th ° b3eCt - SUCh 

of a surface its S L" , PhySlCal 

urcace, its spacing from another surface or th. 
degree of movement of ^ ^ the 

- -oir.. ZTtllTl frin9S int *""°*°^° P"terns such 

is directed to the processina „ " fXC3lly ' the "vantxon 
ing information Pr ° CeSSing of patterns contain- 

ng information concerning characteristics related to t-h 

r ace ' epitheuai - 

surface of the cornea, with such information, valuaMe 
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refractive and diffractive characteristics of the eye can 
be measured. 

Fringe patterns are caused by an interfero- 
metric process. m one form of such process, a colli- 
mated light beam is divided so that part of the beam is 
directed towards a reference and another towards a 
target. Reflections from the reference and target 
•interfere to provide an interf erometric pattern. Inter- 
pretation of the pattern can provide measurement charac- 
teristics about the target. 

Another form of interf erometric pattern is 
generated, a moire' interf erometric fringe pattern, is 
by the interference formed when two grating-like trans- 
parencies, each with similar but non-identical regular 
patterns, overlap. The transmission of light through 
each grating- like transparency creates images. The 
moire- pattern is the image that is generated through the 
modulation of the two separated grating transparency 
images. The measurement of this pattern can provide 
useful information about measurement" characteristics of a 
surface. This is related to the generation of the light, 
where that light is generated as a reflection from a 
surface. The surface can be in the eye, and the pattern 
is then revealing of eye measurement characteristics. 

The fringe pattern can be distorted by noise in 
the system generating the pattern. The noise can be 
electronically generated, caused by the camera and 
optical system used in the measurement, or be background 
or spurious light interference. Additionally, different 
reflectivity characteristics of the surface unassociated 
with the measurement being sought can also impact 
accurate measurement. The reflectivity problems could 
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•rise, for instance, where different contrast <=„.,. 
teristics of the surface exist. Alternative!, this 
be caused by different background sources lirected 
surface in a banner unrelated t= , < J dlrected °" the 
the optical measuring lyM * ^ ^ 

The Applicant seeks to provide an i. 
techno and apparatus for analy^ t^^Ir! 

treatment If*™™™ «l«t~ to ophthalmic 

reatment of the cornea so as to improve the overall 
refractive characteristics of the eye. 

Different techniques are known for treating «, 
com thereby inprwing e r t t the 

one t echnlque is knoun ^ radui P 

:;r:="urt:: on ;rcV ncisions inZ - ~ 

ce * Thls changes the shape of th- 

refractive characteristics of the eve „«. Ve " U 
include orthokeratology „ hich 

the cornea by placing a contact lens on th """"^ ° f 

to shape the cornea to a prescribed "° " 

a prescribed curvature 

pproaches have attempted thermal treatment „th radio- 
frequency coils through a saline bath and 
heated wire to perform the shaping. ' 

mil . * disadva hta,e in radial incisions around the 
PUPU is weakening the cornea, with time the cornea 

t^t S oa r rm haPed ^ing hJTT. 

e":; ~ ; r:: r ;:: abiuty to direct ^ 

- related ^rr^tT. 
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the eye. Additionally, excess energy applied to the 
cornea can damage the eye through dryness or burning. 

There is a need to provide a measurement 
apparatus, system and method for accurately providing 
parameters of selected surfaces such as discrete elements 
of the eye. Similarly, there is a need to provide such 
information for non-anatomical or inanimate elements such 
that parameters of the surfaces or elements can be deter- 
mined more accurately and their position or movement in 
space measured and monitored. 

Also, there is a need to provide a system for 
precisely treating the cornea to effect shaping of the 
cornea in a manner to overcome the disadvantages of the 
prior art. 



SUMMARY 



This invention provides a sv«n- 0 ™ 
such as an eye or an inanimate surface of an o1 

.- a pu nar or curvilinear surface - £r~* 

element or its surface vith its surroundings. °< "» 

invents also provides . system for cornea treatment. 

According to the invention the measurement of „ 
predetermined parameter of >„ , =urement of a 

parameter of an element comprises the 
generation of a collimated n„h* u 

of that- k =°iH">ated llg nt beam and the direction 

°f that beam onto the elenent _ raflaotad 

from the element and is directed through a first " ti no 

rontTT Synth " iC f " nt - ThB ^"thetic „":. 

rron t . dlrected through a second ve 

«!«■ pattern. Analyzing the J** 
measurement data of the element. 

in a preferred form of the invention, the 
eiement ls an anatomical surface, preferably a surface or 
an interface i„ the eye. Selectively, this is th " 

aLT^"" 3 " " d analyS " P« vid « refractive data 

surface tV^" ^ ^ *' ^ 

surface the analysis provides topographical data of the 

cor ne a. Where it is the endothelial surface, data on 
this proves, together with the epithelial data, a 
tluckness measurement of the cornea. 

is obt»l T ? PretSrred C °™ oC the invention, the data 
» obtained giobally over the corneal surface, corneal 
thickness and the retinal surface. 
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in one preferred form of the invention the data 
is analyzed to determine movement of anatomical features 
such as the cornea. 

In other preferred forms of the invention, 
collimated beams at selected wavelengths are directed to 
different surfaces and respective moire- patterns are 
obtained and analyzed. Preferably, the data for each 
surface is collectively analyzed. This gives information 
and overall parameters of the surface and the element 
defined by the surface. 

Also according to the invention, there is 
provided means for receiving data representative of an 
input fringe pattern, where the fringe pattern is repre- 
sentative of measurement characteristics. The data 
includes signal information of the fringe pattern and 
noise. Filtering means is provided for removing noise so 
as to provide a signal information representative of the 
fringe pattern. Thereafter, selectively, the signal 
information can be scaled to remove further information 
representative of differences in contrast about the input 
fringe pattern. This provides scaled signal information 
representative of a fringe pattern. Demodulation of 
either the pre-scaled or scaled signal is affected to 
obtain measurement characteristics represented by the 
fringe pattern. 

In a preferred form of the invention, the 
measurement characteristic is the retinal surface charac- 
teristics of the eye and the topography of the epithelial 
surface and endothelial surface of the cornea. With this 
information, refractive and diffractive characteristics 
of the eye are obtained. This can permit for correction 
by prosthetic devices such as eyeglasses or contact 
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lenses or by treatmpnt- ~* *-u 

1 L4eat i»ent or the eve with j- 
power. 7 n lase r-directed 



In a further preferred * 
the fringe pattern * preferred *>rm of the invention, 
fni-. • Pattern 13 c»««ed by a moire pattern 
filtering means is preferablv » » The 

filter effectively sl ans th " tranSf0r »' *he 

central fr. lnpUt t0 det «™ine the 

central frequency and estimai-*« 

the signal. The inD l " thS s P ect »l content of 

estimated. J ter th T «» 1~tr» is then 

treated b y , t TLT»VT *" ° btain " d ' <"« is 

rv™ . mter transfer function computation 

' 6 transf « unction, and then inverse 

: 6m "' the output provides J Tout' 

fringe image without noise. output 

In yet a further preferred c,™ ^ . 
tion scaiing of th» , " rred fora of the inven- 

effects o "l i f l 9 " al " a " eCted to ="»inate the 

of deferent reflectivity about the surface. 

is achieved'" e^ct V^T"' 01 

improve the refract T reShapi " 9 ln • »«"er to 
ne refractive characteristics of >h. ... 

energy is deiivered to a target in 1. ^ ^ 

treatment of the corned There Is *° 
rating the energy in a laser "„ mea " S *" 

enerav t„ , , ai ° and f or f °<=using this 

aeptT b :: tfe a e r „e cte \ p r in the c ° rnaa at ' «— 

The energy s adapt! h"' end0theUal 

in a preferred form of the invention, the 
tr-ed path is a closed loop in the form of a ^wa^s- 
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like line. The effective « Schwalbe's line « may be a 
regular curve or an irregular shape. 

Preferably, the heated area is the stromal 
region in the cornea, and the laser energy is obtained 
from a carbon dioxide laser focused to avoid heating of 
the epxthelial and endothelial surfaces. 

- In a preferred form of the invention, the laser 

is xnter-operative with means for measuring the refrac- 
tive characteristics of the eye, the corneal shape and 
corneal depth. As the thermal treatment is imparted to 
the cornea, a feedback is achieved such that the optimal 
refractive conditions are obtained. 

In some cases, both eyes can be treated 
substantially simultaneously while a patient views a 3-D 
image through a stereoscope. 

The moire technique used in this invention 
allows for adjustable sensitivity of measurement and 
msensitivity to motion of the eye to allow high quality 
quantified ocular aberrations to be measured without 
patient response. Near infrared energy of the Nd:YAG 
laser of wavelength, i.oe micrometers, has a high 
reflection coefficient in the choriocapillaris and 
Pigmented epithelium of the retina, if the laser beam is 
well collimated when it enters the eye, the reflected 
wave front can be analyzed to measure many, and up to 
about two hundred fifty six aberrations of the eye. 

Other features of the invention are now further 
described with reference to the accompanying drawings and 
detailed description. 



1 1 

In the appended drawinexs iiir~ - ^ 
like parts. 9 lke nmbs " denote 

KG. l shows the system in accordance with <■„ 
Present invention for closed loop .^J^ ^ «>* 
refracts tissue-therapy for the binocular refractlvl 
correction in animals i„ cluding hunans> ZllllZ Z e 
spectr i bionetars for ^^^^ 

dur nc t h T 8riStiCS " " *— bee* 

« "ell as 6 I " Pr ° CedUre " e P " Sant '« 

as wen as the laser sources; 

spectral recant' ^ VMfel ° n . ta "" "^"tage °* the 

reflec tance characteristics of the ocular 
surfaces in the spectral-biometers; 

refractor;" 0 ' ' ^ ^ ln 4 strai- 

ns. 4 indicates the moire technique for 
-ns lng of the wave front reflected from th! respective 
ocular surfaces of interest in the invention; 

with the al 1G ' - 5 Sh ° WS ker "°P°9ra P her beam interface 
h anterlor «P"helial surface of the cornea; 

F1 °' 5 illust "tes the light path of the 
Keratopographer beam as it »u 

surface of th. samples the entire epithelial 

urrace of the cornea in a continuum; 

the lioht FI °; 7 indiCates the "flective interaction of 
the ught used » the pachytopographer to measure the 
entxre surface of the Descemet-s membrane or endothelium 
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this surface is related to the epithelial surface to 
provide the pachymetry; 

FIG. 8 shows the optical path of the pachytopo- 
grapher laser beam; 

FIG. 9 is the flow of the algorithm that 
processes each of the moire patterns as they occur from 
the light reflections from each of the ocular surfaces of 
interest in this invention and the ocular characteristics 
that they provide; 

FIG. 10 shows the noise and background filter- 
ing technique as used in FIG. 9; 

FIG. 11 shows the technique by which the moire 
patterns are processed in order to normalize the contrast 
over each entire pattern, this is the final step in 
processing the pattern before the wave front data is 
extracted from them; 

FIG. 12 indicates the "trackability" of the 
moire pattern from the eye (these patterns have not been 
processed as described in figure's 10 and 11) providing 
an ideal eye tracking system; 

FIG. 13 illustrates the low energy delivery 
optics to the later half of the stroma, this is an f/0.76 
beam incident onto the cornea; 

FIG. 14 is the power budget when a carbon 
dioxide laser beam is used in the corneal tissue therapy 
for refractive correction, this delivery system is not 
restricted to this laser; 
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vision a be "a Uon T ^ ^ *« 

tisa; a„ d ' ^ WU ' h "" r °^ •»» astigma . 

FIG. 16 is the closed loop alaorithm * ^ 
.utcatic vision correction system with . ^ 
back. system wxth automatic feed 
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1 A 

DESCRIPTION 
Introduction and Overview 

There is provided a system for automatic closed 
loop binocular vision correction. 

The refractions of both eyes of the patient are 
measured simultaneously as a three dimensional perception 
video is viewed. The predominant action changes from the 
near field of view to the far field in a contiguous 
manner in combination with dark to bright fields, con- 
currently, the shape and thickness of the cornea are 
measured continuously throughout the entire extent of the 
cornea. These measurements are made at the frame rate of 
the video camera in the system, e.g., 60 measurements per 
second. Anomalies are disregarded. The field distances 
and dark shades are temporally correlated with the depth 
of field (i.e., near sighted or far sighted) under going 
investigation. 

After a period of measurement (less than a 
minute) the data is manipulated and the complete optical 
characteristics of both eyes are known. The optical 
aberrations of the eyes are quantified in Zernike 
polynomials measuring 256 aberrations simultaneously (as 
opposed to the 3 aberrations measured in contemporary 
refractions) . since the polynomials are orthogonal, the 
aberrations are separable and can be treated as such. An 
optimization optical analysis is performed that treats 
the cornea as the deformable element. Simultaneous far 
field and near field optimization are performed in order 
to optimize the optical capability in both fields and all 
intermediate points. Constraints are put on the corneal 
manipulation in both magnitude and direction of local 
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displacement and sDat-i a i 

representations bot h .tructJx analys " s ^T"' 
«a„ t analysis as "a^s ana eat 

finite element model of heat 

Phys. Med. Biol., vol 3 1 ^ ^ hUffl8n e ^'< 

33 ' N °- 2 ' 227-241 C1988). 

These models are then used ir> 
to heat the str Qm *i determine where 

— -1 s^ZlLZT ^e^st" ~ 

cornea is not tn k„ _ rise m the 

not to be more than io° e «t.k- , 
the c Drneal snapes is dmtm J^ ™* «* to 

are not achievable ™«. ■ , "the precise sh a pes 

"est fit corne" sha.es TV"" 1 '" 3 PSrf0raed °" «- 

to the next step; L L t the \ " Satiafied "* «° 

This optimizatiln if V aMly3es a " optimized. 

order l^h * 

101,5 rrom the correction 

only so aberrations will be corrected ZZ' P ° t6ntia1 ^ 
and dwell times along the Patterns 
each eye. P are now def ined for 

energy alonTth ****** the laser 

thil^- Prescribed patterns. Through all of 

this time (roughly, 10 seconds) the °" 9h aU ° f 

keeps track of t-h- 7 motion sensor 

oioLteJ * " y " m0 " 0nS - " the -ove. the 

eyes mo ve d urin f th T —"»—»*•• If the 

fed into the^ila^- traCi " 9 '""^ "» i- 

tion. In th e 1 9 ''"^ t0 the «*Wn»- 

-s S r «£r ~ ; rn a r c ; h v~ — = 

the trackin, of th» reSU " e agal " " s0 °" »■ 

fang of the eyes xs re-initiated. As the cornea! 



1 6 



malaxation is induced if the expected bending does not 
occur, new control laws are developed at each location so 
that m real time the dwell time of the laser energy is 
adjusted. As the thermal trace is completed the refrac- 
tions of the eyes are again measured. if within the 
limits allowed, the procedure is recorded and stored in 
the patient file, if on the other hand the refraction 
measurement falls outside the required li mits , tne 
procedure is re-initiated, if after several iterations 
the limits cannot be met the system indicates the maximum 
correction achieved and records the results in the 
patients files. 

The biometers measure the optical wave fronts 
reflected from the two corneal surfaces and the retina 
Spectral reflectance characteristics of these surfaces 
allow the segregation of the wave fronts so that all 
optical characterizations can be measured simultaneously. 
The spectral reflection peaks are as follows: 

Corneal epithelial surface 470 nanometers 
Corneal endothelial surface 525 nanometers 
Retinal surface 1060 nanometers# 

The 1060 nanometer beam is collimated and 
directed into the eye. it is focused by the corneal 
media and the lens, reflected from the retina and then 
exits the eye by the same path. Wave front analysis is 
performed by passing the light through two Ronchi 
gratings that are arranged parallel in planes normal to 
the direction of propagation and rotated with respect to 
each other in those planes. The resulting moire pattern 
is imaged on a mat screen and then recorded by a video 
camera. The recorded image is processed via Fourier 
transform techniques and the image contrast is normalized 
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throughout the pattern, closed for* equations are «, 
applied Point by po int (i . e ., pixfil thm 
the shape of the „ ave f „ nt ^ * ^^v. 

ter.st.cs known, the wave front is then fit to 2SS 
orthogonal Zerni.ce polynomials. Each of the coeffi • 
of the polynomials i= tfc "efficients 
half to \-„ redUCed by a fact °r of one 

half to compensate for the double pass characteristic of 
the measurement. Now the ™ti,.i v. . cterlstlc OI 

are defined precisely *»«r««ns of the eye 

An argon ion 470 nanometer laser ho.™ / 
other laser emitting in the < 70 nm spectra, r! T 

By the f/i. 25 lens and direoted toward 

ratings. The resulting moire pattern is spectra^ 

separated from the refractor pattern and processed In the 

u a :L7t n h er - since the reneotion is <™ a 

surface the double na«?<? o*f«„*. j 

^hernial coef f J£ Z7 ^dat 

- : e pr t:: rr description - — r 

This is the keratopographer system. 

the pattern""" *" m0i " P " tern " ov ~ With th ° «ye and 
the pattern uniquely defines the surface of the eye the 

or hTeyT b LT ed " qUal " y ~ ^ 
trac I f * 1Bple eye «•» oe characterized by 

tracing the transverse plane and area tracking in tZ 
axial direction. Detailed eye motion tracking is 
achieved by this technique integrated with thl actual 

"i" "t^-r p : ttern - ms sye a — : : — 

a to track the motions of the eyes during this 
entire procedure th- l. 

edure. The subsystem of the invention can be 
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used in Heads-Up-Display (HUD, system for fine pointing 
and tracking mechanisms; mental alertness indicator that 
is characterized by eye motion (sporadic or intentioned) 
used to detect falling asleep, drug usage or alcohol 
usage; video games where eye motion is an interaction 
with the game; and in research where eye motion is a 
parameter. 

The final biometer is the pachytopographer that 
measures the corneal depth continuously throughout the 
corneal region. The same argon ion laser (or any other 
laser producing light in the 525 nanometer spectral 
region) also produces a 525 nm beam. By directing the 
beam through the same optical (f/1.25) path, as the 
keratopographer, a portion of the light is reflected from 
the endothelial surface or Descent's membrane of the 
cornea and is provided the same wave front sensing after 
spectral separation from the other two beams. This data 
is the topography of the endothelial surface. By cor- 
relating the endothelial and epithelial topography and 
subtracting the pachymetry of the cornea is provided. 

The low energy refractive tissue-therapy system 
makes use of the thermal effects of light. Photometric 
power itself does not cause therapeutic heat. Power 
density causes the heating that induces the malaxation of 
the corneal stroma tissue, the lamella. The power densi- 
ties at the anterior epithelium and in the later half of 
the stroma can be chosen by appropriately selecting the 
convergence rate, or f-number, of the beam, the power in 
the beam and the wavelength of the beam that lies within 
any spectral absorption band of the water around the 
stromal lamella. 
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- ..... »;;rr:r;r;'r-rr'" 
..... ...... .... z.trc;.*^."s«. w '" 

anv optical deliverv 
system used in thermoiceratoplasty (XKP, or photo- 
thermokeratoplastv tk« ^ ° 

micrometers 3 9 mLIm\ abs «*tion lines 2 . 6 

w ". 3.9 micrometers and 6.05 micrometers 

Mr i "' t0 A - MainSt « *» "°Pnthalmic app» ostions 
laSS "- th — 1 considerations", In v as t 

o~ D1 . vis ^ vox 18 . Ho . 41 

.asers operating i„ these regions are aiso useful for ' 

this application. There are two absorption bands at X , 
and 3.4 micrometers, which are strictlv , or tk , 3 
Though use of this wavelength is not « 

invention applications of Takers ^ - *hi. 

w<n ~i . J-asers of these wavelenoths 

3lS ° ™ ake u " °f the optical delivery system 

invent inn f«v. 4-u »«=i-y system m this 

nventxon for the most effective TKP application. 

The therapy beam is pointed to the l ater half 
of the stroma with a f/n ne. u nair 

with n mtensitv of less tha „ . ^J a " s 
centimeter, which when partially absorbed in the str=m a 
causes no malaxation of the lamella. T „e focus of the 
beam, and the region where the intensitv is hTh 
- induce the lamella mala.ation, U^Z^ 
5 microns in diameter. Less than a microwatt arrives at 
the Descemefs membrane and endothelial surface of 1 
cornea. The laser is gimballed by w linear ^ 
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TrlZT\ the contro1 oc the computer «»t 

derxved the trace and using the data ft™, the blotters. 

Detailed n Q c^i Dt ^ n 

FIG. i schematically shows an embodiment of the 
invention. This figure can be split into two monocular 
systems thereby proceeding with one eye at a time The 
subject 00 looks into the system and view two displays 1 
simultaneously, i.e., one with each eye 10. The displays 
are viewed via the reflections from the two beam split- 
ters 3 and 2. a three-dimensional dynamically moving 
scene is provided the subject since each of the displays 
is playing a video of separate cameras having the per- 
spective if each eye. An example of this is illustrated 
in 11 and 12 with the birds flying from far away toward 
the subject. The subject is told to watch the moving 
objects in the scene thus he is adjusting his focusing 
field over a wide range. As the depth of field is 
changing the target brightness and contrast is changing. 
All of these parameters are temporarily correlated to the 
biometers to accurately calibrate the refraction measure- 
ments being made. 



In FIG. 2 the spectral reflectance character- 
istics of the eye 101 are illustrated. Assume a wide 
spectral band white light source 102 illuminating the 
eye. a predominant spectral region of the light will be 
reflected from each surface of the eye. The cornea 103 
has two surfaces of interest and the retina loe provides 
the reflection for the optical system sampling wave 
front. Though there is specular reflection at each 
surface there is a spectral response embedded in each 
reflection. Thus, at each surface there is a different 
"color" reflected. Spectral reflection 104 from the 
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anterior epithelial corneal surface is nominally 470 
nanometers Descemefs membrane and the endothalial ^ 
at the back surface of the cornea. P.a* speotral 
specular reflectance ICS occurs at 525 nanometers. The 
lens x 6 has two surfaces which can reflect energy x^ in 
the yellow spectral region. Fi n a U y, the retina X08 
reflects x„ very strongly in the xo 60 nanometer region. 

The N S odymi U m:YAG, diode or other laser 

in FIG. l P rov ld es the collated beam S (dash-dot line, 
that is equally divided into two paths toward each eye at 

eyis zt~ 6 then directaa int ° the 

cochin , mlrr ° rS ' ^ bMn Splitt « » — b— 
corner 3. The counted beams pass through the optics 
of the eyes ( or, single eye in the case of a monoculL 
system reflect fro, the retina and pass bac* through 
the eye optics and is directed bacK to the moire wave 
front analyzer 21. 

This optical path is shown in PIG. 3. The 
collated he,* 301 reflects ,ro n the aperture sharing 
element 3.2 and is directed into the eye passing throu^ 

It then xs reflected out of the eye and this time passes 
through the aperture sharing element 3.2 on its way" , 
to the wave front sensor. 

The wave front sensor is schematically 
enteTth 83 " WaVe t0 b " — — 

2 The """" """" thr ° U9h tW ° 9 " tin ' S "* — 

"3. The gratings are in parallel planes that are 

d^oial" r la ° " ith respect to each ° ther — 

displace a distance d. The resulting moire pattern 4„ 
" visible on the matte screen 4.5 and imaged by the 
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camera 406. if the incoming wave front is as referenced 
and unperturbed A (dotted line) will result in a moire 
pattern as illustrated by pattern A. When there is 
aberration in the wave front as in B (solid line) , an 
example of the moire pattern is given in B. The computer 
407 then analyzes the wave front. 

In FIG. l, the path of the 1060 nm beam to the 
computer image via 22 then the analyzed beam provides the 
objective refraction measurement of the eyes, 2S. The 
analyzed wave front is temporally coordinated with the 
focus require by the video programming, as indicated by 
23, to assess the entire field and contrast acuity and 
accommodation . 



In order to provide keratopographical measure- 
ments of the cornea of eye 10 a coherent light source 
producing radiation in the 470 nanometer region is 
required, m FIG. i 13 is that radiation source. Light 
beam 14 (dashed lineK the collimated coherent beam from 
13, is divided into two beams at beam splitter 16 and 
directed toward each eye via fold mirrors 17 (left eye 
only), la, beam splitters 19, through the nulling lenses 
20 and beam combiners 3. Light reflected from corneal 
epithelial surfaces is directed back through nulling lens 
20, through beam splitters 19 into the moire' wave front 
analyzer. 

In FIG. 5 the collimated beam 501 (14, FIG. 1) 
is focused by nulling lens 502 (20, FIG. 1) such that the 
converging light 506 is focused near the center of the 
radius of curvature of the cornea 503, r (505), of the 
eye 504. Light specularly reflect form the corneal 
surface will be referenced to the focus of 502 as the 
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reflected light S0l (left hand 

erected toward the wave front « 
front analylT ToT"' "* «» 

sP ec tral f L ters e °: ; n ° — ««• — 

usea on the camera forai _ •, , _ 

separate *.v 9 tocai plane of 

optica! sylZTll^ ™ ^ 

"2 (14 fig i, i Co ^^ted 470 nanometer Ught 

^4, fig.1) is partially reflected fm» k 
"3 (19, FIG i> ™h ^ rejected from beam splitter 

v / fJ-e.l) and directed onto the ev*» « 
described. Reflected li«ht- „ . , Previously 

.... ... rir:r zr,-™ r. 

me,., • PaChyt0po ^ a P hi "i data is measured by 

rrrKr' :::: r.-r'- — - 

:;:r o PograPhical data to ssisr 

(dotted UneVis' K t 5 " T^"" » 

aividea tl ard el 30 "". 0 ' b ° th " and " * 

toward each eye via the same oDticai 
Upon ref le « ion from the « - 

urraces) to the wave front analyzer. 

^ PIG ' 7 tHe Path 0f the 525 ™» band light 
P chytopoarapher beam , indicates the input £*■ 

"Ird th" r d ^ ^ nUUin9 ^ "* 

toward the = anter of curvature „ f ^ ^ > 
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FIG. 5). Light 701 passes through epithelial surface 703 
specularly reflects from the endothelial surface and/or 
Descemet's membrane 707. Reflected wave front 701 (left 
hand going arrows) are referenced to the focused wave 
front of 702 . 

Optical system of pachytopographer is schema- 
tically shown in FIG. 8. Measurement beam aoi (701, FIG. 
7) is partially reflected from beam splitter 802 (19, 
FIG.i) toward eye, as described in FIG. 7. Specularly 
reflected light partially passes through 802 with the 
output wave front 807 directed toward the wave front 
analyzer. 

Methodology for analyzing moire' patterns to 
describe the ocular parameter of interest is schemati- 
cally shown in FIG. 9. After the patterns at the three 
different wavelengths are spectrally segregated, patterns 
are filtered with respect to noise and spurious back- 
ground, it is necessary to normalize the pattern 
contrast that is a result of surface reflectance and 
transmission inhomogeneity . Patterns are then reduced 
to analytic wave fronts, Oster, et al., in "Moire' 
Patterns", Scientific American, May 1963, pp. 54-63. 
With respect to the pattern analyzed, the surface or wave 
front of concern is provided. Keratoroetry data is 
correlated with Descemet's membrane and/or endothelial 
surface data to provide the pachymetry data. 



In FIG. 9, the input moire' pattern 908 is 
directed to block 909 which is the filter to remove noise 
and background. The moire' pattern 908 can be shown with 
fuzzy light and dark regions. After filtering in block 
909, the pattern becomes discrete and separate dark and 
35 light lines as indicated in block 910. As can be seen, 
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the dark lines have diff eren t degrees of d „ 
is caused by different- * * darkness which 

y different surface reflectivitv ann, _ 

miSSi ° n ^"cteristics with respect to tn T T tranS " 
measured. The si gnal is represented ^ * ^ >ei„g 
directed then to tho ™«» ^ D-Lock 910, is 

representative of d lf ZZclT ■ in <°™"°" 

— Pattern as ;:j:r::r a r the 

scaling of the fringe oatt^n \ ThlS eff ects 

■ *inge pattern to provide » , 

indicated in faiooir F iae a s *9nal as 

n olock 912 which represents dart n 
.equal intensitv ti,. _ TCS dark lines of 

the fringe patted tT'r 30 ' Si9 " al inf °»»«o„ of 
represented by t h ^ ai "-~t characteristics 

—n. being ^llT^T""' ^ 

9 generally indicated by block an 

»3. the di« er ent characteristics oi ref "i ■ 
the lial surface/ an<J endothe *°* ref ™<=t lon , epi- 

v»rious ly ba obtainad as T^LZllZ m iurr ntS 
through arrows 9i« 91s a „„ "" loaU y illustrated 
information can th „ b " fuL" "^"^^ "» 
- refraction ^on^^^^TT^- 
The epithelial surface ,•„, " aber «t ao n analysis. 

data, and tZ iZ^ll " ™" 9lV8 """t—tty 

tne information about tha on««.». i • , 

and endothelial as indicated coiLctaveiv 1 """*" 

and , 18 can be US ed to give pj^^ "f^ 

mentations of the demodulated sig^ai Lo^tio """" 

received aultiple ti»e over a shL teC-^ " * 

Anomalies are eli m i„ ate d and there areT 

the »ultipl e representations to ob t a I„ Til 

output signal 9n 915 anrt „,„ an a PP™Priate 

-asurement chara^terLtLs « «- 

The methodology of filtering to eliiHn,* 
and background from the respective ellninate noise 

fIG. io r, nM , respective pattern is shown in 

respect to th ^ ^ a " Chose " with 

respect to the spatial variation of the noise and 
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background. With respect to each local area a guard band 
is- chosen encompassing it in order to transform the data 
to the spatial frequency domain using a Fourier trans- 
form. The fundamental frequency of the domain is that 
provided by the configuration of the moire' wave front 
analyzer. A noise and background power spectrum data is 
then estimated and combined with the signal estimation to 
provide the complex transfer function H. Spatial fre- 
quency data of the noise/background free pattern, P, is 
defined by the complex product of the input pattern power 
spectrum and the transfer function. An inverse Fourier 
transform of P is the output moire' local area pattern. 
Local area patterns are then moved throughout total 
pattern in order to effect the entire moire- pattern. 

In FIG. 10, the input moire' local area pattern 
1000 is directed into a block 1001 for effecting a 
Fourier transform of the input and pre-processed moire' 
pattern. The pattern in the spatial frequency domain is 
represented by M(jw x , jw y ) . The output from the Fourier 
transform is indicated as a signal. The signal is 
directed to means 1002 for estimating the signal spectral 
content as indicated by f 0 =p/(2sin 0). The output from 

block 1002 provides a signal as indicated by S» ( jw , jw ) . 

* y 

Secondly, there are means 1003 for estimating 
the input power spectrum and the representation on 
spatial domain component is indicated by \x* (jw , jw ) J 2 . 
Both these estimations are directed as indicated by 
arrows 1004 and 1005 to a filter transfer functions block 
10 0 6 where a computation is effected to provide an outlet 
signal represented as: 

|S»(jw x/ jw y ) | 2 
H (jw x , jw y ) = 

:M»(jw x ,jwJ i 2 . 
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Normalized pattern contrast is achieved via the 
methodology describe i„ FIG. 11. spatial intensity 
characteristics of the pattern are determined. A Window 

tnrTn°V S the " deternined - Wind ° W is «- "-d 

ntenlit 0 T * * ">* 

intensxty at each location is determined. The pixel 

10 P(x.y) - p(min) 

P'(x.y) = 



15 



20 



25 



30 



35 



P(max) - p(min) 
for an (x , y) „ itnin each w . ndou {Wook 

The noise free Moire' pattern image lln 
1. dxrected along line li« to a circuit 96 
determine the centroid and variance of ail the pattern 
P<x,y>. The output data u« i s directed to bloc* Jl5 

tTLan 10 : al " ind ° W Si " iS orllr 

to ocally adjust for contrast inhomogeneity. Mind o„ 

loin fT m ° Ved thr ° U9hout the P«ter„ n 17 

local y determining the maximum. P( max, , and m ininun , 

ThL da/ VSXUeS UntenSi ^» the „i„do„ lll8 . 

Thx. data ls then passed lxl , to the normalizing elation 
for every po.nt (x.y, within the window l 120 . output 
FIG n0rmaU2ed ln cont »" <« indicated in 

Effectively, the compensation means 
includes means for dividing the fringe pattern p(x,y, 

hood ah""' 6 PiXelS m " nS d8flnln ' a »«^r- 
hood about each pixel and means for collecting data 

wxthm that neighborhood, the neighborhood being th,t 

data within the window. There are also means fir 

computing the minimum and maximum contrast signal as 
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indicated by bloc* m« wit hin the neighborhood or window 
and then the means is scaled to produce a scaled value of 
the pixel within the neighborhood as indicated in block 
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This signal is suited for wave front 
analysxs and pattern tracking. 

Moire- patterns derived from the corneal 
epithelial surfaces provide a characteristic by which the 
eye can be tracked as shown in FIG. 12. m plane 
tracking of the centroid of the pattern provide coarse 
tracking of eye to within 1.41 pixels. Analysis of the 
patterns provides the fine tracking algorithm. Area 
tracking of the pattern provides axial translation with 
pattern analysis again providing fine tracking data. 

In FIG. 12, the illustration indicates the 
manner in which tracking can be effected. This is 
illustrated relative to the axis as depicted in the x,y, 2 
coordinate system as illustrated in the axis diagram to 
show three dimensional representations 1200. The point 
of juncture between the x,y,z axis is the 0 indicator 
The moire- pattern as indicated in the x,y plane 1210 
shows the effect of the relative movement when at the 
intersection 0 the pattern 120! is represented. Movement 
to the left is indicated pattern 1202 and movement to the 
right along the wire plane is indicated by pattern 1203 
Movement along the z axis 1211 into and away from the x-y 
Plane 1210 is indicated such that movement away from the 
*,y Plane is indicated by pattern 1204, movement at the 
intersection by the 0 position, and movement from the 
intersection out of the paper by pattern 1205. 
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Compound movement being a ^™k- „ . 
-vement in the *, y and t ^J'J ^"^on or 

»» cause, a representation 1207 * 
indicated by arrow M13 whicn fi "" h « Is 

— .... «™ » 

In application to the M fM^< 
■system the location is £ed ^tT^ ? «"»PV 
system on 22 pig i anrt , he computation 

1 the l3S « »i»balli Bg 2< FIG . ^ 

A mechanism of delive™ , 
tive tissue theraov i, h ° f low ene ^Y refrac- 

cnerapy is shown in FIG in r->c »t„ 
input beam 1301 (27 ptg • , ( 6 PIG * X > • The 

stroll region *,.. to a spot J 0 7 20 to T COtnMl 
in diameter (assume a spherical T "" tm ° te " 

focused such as to not deUveTth! " "* is 

corneal epithelial sur.ace "03 or Z'V™"* *° 
'«» ».. that win induce ^^JT"^ S ^ 
malaxation of the tissue m., 9 * ther,nal an «W to cause 
volume 13 07 G1 l!n , 10 " ° nly in<lu « c ' 

Performed for lot trlL ^ °' ^ """^ is 

-oxide ,00,, laser the poler hud^et I ~ 

is shown in FIG. 14 Thmmh n , th * the «py beam 

the eye, power den ^ty is ! ^ UP °" 

not occur. At the f Sn ° U9h ^ ** l * X **™ will 

At the focus around the 20 to 5n «.< 
diameter volume th» „ to 50 Aerometer 

voxume the power densitv is hi«K 

induce the io* r ... 7 hlgh enou 9h to 

tne 10 c elevation of temperature At th a 
endothelial surface the intensity will not 
thelial cell damage. endo " 
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th. ,h TyPi " 1 represent "ive trace patterns of 
the therapy beam is illustrated in FIG. l5 It is 
evident that the patterns for, a pseudo Schwabs line 
schwas s line holds the cornea erect in the spherical 
for*. By forcing a closed loop trace pattern »oa a.b t 
= the corneal malaxation has shown to provide a steady 

ta ive 7 C ° rnea P ° St -^»*«°"- As represen- 

tative trace 1S o 2 a will provide . correction of 

and ls a correction for this arbitrary astigmatism. 

The invention performs the high order 
corrects utili 2 ing a thermal corneal tissue therapy 
technique in conjunction with optical and corneal 
structural analysis. 

trat, rf i , ^ FIG ' " ' ^ aUtOMte 'S system is U l ua . 

T, , " l0 ° P - With inC °" in ' d "* Providing 

froVt'h h imPalr " ent ' ^"tometry and pachymetry 
fro. the bxometers ,x..x. 1602 and 150S , i. e ., 22 £ „ 

FIG. i, , optimization for the corrected ocular optical 
astern is determined by least squares fitting the 
measurements (who are themselves locally discriminated 
and averaged, to a discrete number of zerniXe polynomials 

T 1Cal ° PtiniZati0n »" dn computer 

FIG. 1). Desired corneal shape is derived (given 
spatial constraints,, or contact lenses o, spectacles are 
^ined ln the case of corneal ther P ^» 

element da i f the cornea J»£ 

Ts then d PaChya " ry d " a in "I** Thermal therapy 

to oc t ' ^ thermal 3nalySiS in bloc * " 

dl ° f ^ theraPy> laS « baa " ^ace, and 

r ForTd° f T e """" 3t eaCh Site ( " 21 »* " i» ™- 

b °Oc i^" T aCC6PtabUity th * d "a is displayed in 
block xmi. spatlal coordinates of the ^ ^ 
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given 1620 to the nimK,n • 

to tne gimballmg system ibis i-„ - 
closed loop trace. As well , iL t J^^™- ^ 
Prov ided via the ke ratopographers 1602 anVthe t T 
algorithm 1614 in real-ti™- , ■ tracking 

real-time on line 1613 into <- ha 1 
tion file 1614 for *-k *.w the lo ca- 

ginbal "; g f :: sman . 

the eyes are aoa in » °P^cai characteristics of 

are passed f or the a TT an<1 " 

bloc, x«03 the l ta P i!" al PaUent ViSMl =«"="o„ in 
■it 1. recorded th "° 4 t0 WOCk " 0! » h «° 

other han/ ftL cr UerT C " iS C ° BPlate - °" «" 

~ back t^r^r; r: 0 \rv ew dsta is 

1608 (the currsnf u ' * e " t<5 b locks 1609 and 

the corrective »™ ^^late a new iteration of 

orrective procedure. Thus, closing *k • . 
correction control loop. * 6 VlS1 ° n 

The system as indicated operates in * „i . 
xoop to effort , erases in a closed 

errect optical measurement.! =.i 

the decree of corrective tre.tlnt that ls ! deterBlne 
the optica! eiement. When the ^r?" *" 
effectPrt , "fticax treatment is 

tivTs tls a n C a ° t S : d 10 ° P Pr ° Vide «""«* refrac- 
signals and this can be adapted so *-h»*- 

the optical conditions are rectified. Ultl ""^ 

n= Patient^stotleld":": 1 """ 3 "" ^ "^"s 
r.fr.M-< nscl °"s feed-back. Thus, a binocular 

th «r aVh" " rf ° raed - »" "~ and 

Patient f^^e orT ^ - 
the patient's v i c „ , u f the P a «meters of 

^ ient s visual characteristics r*»n u A 

si,ulta„eouslv i„ . binocular mode 

to sample a r e Sal m a 9 , l0bal C ° P ° 9raPhy " 3 

U.e., ma ke measurements from) the entire 
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surface of the cornea. By combining ocular spectra! 
reflectance information with wave front sensing techno- 
logy the corneal surface topography is precisely and 
continuously measured, such measurements will provide 
prec.se biometrics in order to fit contact lenses and to 

2£T cornea for refractive ™ « — = 

The technique used in the keratometric method 
permits the dynamics of the eye to be tracked i e an 
eye tracking sensor. This can qualify eye motion or 
quantify it to 200 microradians (or, o.oi degree,. 

rmrr „• ThlS techni * ue is in ophthalmic surgery 

refractxve surgical and therapeutic procedures, poinli™ 
and tracking in helmet mounted systems, sensors to deter- 
ge i, a person is falling asleep (e.g., automobile 
sleep alarms, , mental acuity tests (e.g., alcohol and 
drug tests, , and video games in which eye trac)£ . 
be used as the interaction with the game. 

Laser energy with the appropriate spectral 
absorption characteristic of the stromal region in co- 
ordination with the optica! delivery system produces the 
therapeutic effect needed to induce refractive altera- 
tion, corneal stromal region temperature must be ele- 
vated by 10 - c in order to produce the malaxation as can 

keratoplasty (tkp, Temperature Profile", J. i nve st 
Ophthalmol ». „ 0 . 3 , 181 . 1M (1974) , and A _ s ; 
The computation of temperature rises in the human eye 
induced by infrared radiation", Phys. Med. Biol. Vol 
No. 2, 243-257 (1988). Temperature rise is con- ' 

corneal ^ *"* d " Uti " « th * of the laser beam, 

corneal shape change is controUed by the trace pattern 



of the ,im ballad laser bfian 

refractive tissue technique A „ " *"" IW 
control reactive correc \. o aUt °»«^< dosed loop 
with the spectral refractor th lnta 9rates this 

Pachytopo g rapher, and the ^ ^^T^ «- 

an, structu'rT::: t" iTa^T °< «» •»-. 

- * dosea loop , ophthaile ^ "'^ "*»-• — 
. Patent f SMback is ic W-u ° conscious 

Thus, the system can ba used Z ****** *° Pnton - 
veterinary, mentally retail mam ' ls - ••g.. 

-un 9 to =o»unLate or L't: 0 ": Wh0 a » 

communicate. otherwise unable to 

The invention seek-* «-~ 
refractive correction Pe " 0r » Ol0Sed *oop 

simultaneously and automatically" V *"! P " iant 
fro* the patient wiU be K "° ^"tive feedoac* 

a three di M ensionaTd ynanI " ?*" Wh "" 
Patients ocular parameter u .T;^ ^ "» 
Performed and thermal refract !• " eaSUrad ' calculation 
^rmed. rhe systen ls *«•»• therapy per - 

. . 7 em is closed loon i« 4-u 

the procedure does not produce th! H. """** th " " 
corneal effects desired it 2 " f "«ive and 

automatically, compensates f or the errors 

»easure»ents U \Tthe C 'vL ln ° CUlar m ° n ° Cal " "'"ctive 
causin, eye strain or ^uV' SUbje0t P " ientS "*«>°« 
PO«ible. contact Lns 1 ' ^ »° 

viU likely be prov J."; ; u r t0 SPe : taOle P««ri P tions 

-crib- refractLe sur gi ca or t" 4 "" " " P "" 

procedures. uro *cal or tissue therapeutical 
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Precise topographies of corneal surface to be 
used in contact lens fitting, analysis of corneal scaring 
and lesions, ophthalmic research, and refractive surgical 
and tissue therapeutical procedures should be possible. 

Holographic topographies of the corneal depth 
may be used in ophthalmic research, refractive surgical 
and tissue therapeutical procedures, and corneal diag- 
nostic analysis. 

Quality control of inanimate elements such as 
ob D ects where the surface of the product is an indicator 
of the product quality is possible. Examples are ball 
bearings or golf balls where the sphericity is important 
optical components where surface quality is important 
xnnection molded elements where surface quality is impor- 
tant, and cut gem quality where the relative position of 
cut faces are important. 

Many more examples and applications of the 
invention exist, each differing from the other in matters 
of detail only. The invention is to be considered 
limited only by the following claims. 




- APParatUS for "'••■uring a predetermined 

parameter of an element comprising: •»xn«d 

light beam; ^ '"™ • collated 

(b) means for directing i. 

(d) meanS for directing the wave front 
. tQ daveiop a p ^ 

(a > m9ans analyzing the moire' 
pattern to produce measurement data of the element. 

a nulli„ a 2 " APParatUS as claim * i" claim 1 including 
a nulling converging lens between the element and the 
first grating, the nulling lens having related to T 
surface of the element to provide a beam front substan- 
tially parallel to the surface of the element! 

fh. , 3 " * Pparatus as =lai">ed in claim l wherein 
th. analyzing means includes computation means for 
removal of noise and for determining a substantially 

::::\Tti:;i:e„ p r arn thereby to — — 

= ngth suitable for reflection from a ^JST" 

5. Apparatus as claimed in claim 4 vher^n 
the beam has a wavelenath in 

wavelength m the range of about 400 to 
about noo nanometers. 
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APParatUS 33 cUi,ed i" <=laim 5 wherein 
the wavelength is about 1060 nanometers and where! t L 
beam is directed onto a retinal surface of .„ 
^permit measurement of refractive ZZZZ^T' 



th. h« - ? * APParatUS as Clai »^ ^ claim 4 wherein 
the beam is a Nd:Yag laser beam. 

■ 8. Apparatus as claimed in claim 4 wherein 

the beam has a wavelength in the range of 
about soo nanometers, and wherein the beam is dire Cted 
onto an epithelial surface of a cornea of an eye 

9- Apparatus as claimed in claim a wherein 
the wavelength is about 470 nanometers. 

the h APParatUS aS Claia,ed ^ claim 8 wherein 

the beam ls an Argon ion laser beam. 

ll. Apparatus as claimed in claim 4 wherein 

- ^len^h ITST" " — * 

th. h •"' Apparatus as =l»i»ed in claim u wherein 
the beam is an Argon Ion laser beam. 

different V' APP *" tUS " clai » ed *» 1 wherein 

different beams are selectively directed at different 

directed at an epithelial surface of a cornea and a 
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second beam is diron i ^ 

airected at an endothelial 
cornea and wherein t-h , naoT:ne ^al surface of a 

a wnerem the analysis means provides „ 
the epithelial surface, and data of th! 1 ° f 
surface, and a moa e end °thelial 

' 3nd a meas «rement of the thickness -k 
over a predetermined corneal area. C ° rnea 

third heam" d^T;^ ^ Clai » " herein a 

Provide data relatlna t. ,h ^ ***** to 

of the ^^1^"^- characteristics 

Predetermined area of ^he , ^ ° V ~ * 

area of the retinal surface. 

t h e mea „ s £ an A : 1 p ; r : n t r th as ciai » ad - « w herein 

analyzes d ata f rom tha h P " tern lively 

- hea n dire= ta T a t th e tlnT ^ 
^ected at tha ^ot^uT^ T"" "* — 
thereby providino i„c„™ ! surSace - the analyzing Be ans 

— lv p e cCL^r:; :r:nr ics of the 

"faction f roa the retinal J f °£ and " " * 
characteristics of th. sur «ce, and the reflection 

a P~aete ralned ^ ^ ^ - * «" ~ -r 

the epitheiai 1^ " " ° lai » " herein 

HAtneAlal information is anai u ^ 4. 

about the shapa of the corne 1 a S . analy " d t0 ™« «ata 

-ans for aLylTrr " ** ^ " incl «<^ 

theual inror» a on 8Plthelial inf °™«io„ «- endo- 
thiccness " Pr ° Vidin9 d " a ab °" «-e cornea! 
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20. Apparatus as claimed in claim 1 wherein 
the beam is directed at an element surface which is 
irregular. 

21. Apparatus as claimed in claim 1 wherein 
the element includes a surface which is essentially 
curvilinear. 

22. Apparatus as claimed in claim l wherein 
the surface is essentially circular. 

23. Apparatus as claimed in claim l wherein 
the beam is directed at elements having multiple surfaces 
substantially simultaneously, and including multiple 
analyzing means for determining multiple characteristics 
of the elements. 

24. Apparatus as claimed in claim 23 wherein 
the beam is directed to a second surface and wherein a 
reflection from the first surface and a second surface is 
processed by respective analyzing means, and wherein the 
surfaces are related such that the analyzing means can 
provide information from both the surfaces thereby to 
provide interrelated data of both surfaces. 

25. Apparatus as claimed in claim 1 including 
means for storing data representative of the element 
parameters . 

26. Apparatus as claimed in claim l wherein 
the analyzing means includes means for tracking relative 
movement of the element. 
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27. Apparatus as claimed in claim ™ < , 
— to determine movement in any one 
dimensions 



be rented , " eye ' W " elen * th b «™o "lected to 

lens w lt h i t " lMSt ° ne ° f ths «t.rfa=es of the 

lens with its surroundings in the eye. 

29. Apparatus as claimed in el»i» i <- , ^, 
n.eans foe continuously measuring "eluding 
beam as projected in LT Z »»*•*«»* of the 

obtain measurement paramet . ""^ *° 
»urement parameters of the surface. 

30. Apparatus as claimed in claim i wherein 
the surface is selectively animate or inanimate 

the ' fri " 9a P " tSrn ' 

teristipe 9 representative of measurement charac- 

teristics, comprising: 

tiv* n , ^ meanS f ° r receivin <? data represents- 

signal information of the fringe pattern and noise; 

(b) filtering means for removina the 
no.se thereby to provide the signal information 
representative of the fringe pattern; and 

(c) means for demodulating the signal 
-formation of the fringe pattern thereby to obtaiT 
= ment characteristics represented by the fr^ 

th. " ' ApP " ratus for Processing a fringe pattern 

char c ^r" 6 " bei " g "^""ative of measurement 

characteristics, comprising; 



wu yz/ui4i / 



40 



(a) means for receiving data representa- 
tive of an input fringe pattern, the data including 
signal information of the fringe pattern and noise; 

(b) filtering means for removing the 
noise thereby to provide the signal information repre- 
sentative of the fringe pattern; 

(c) means for receiving the signal 
information from the filtering means and for removing 
from the signal information further information repre- 
sentative of differences in contrast about the input 
fringe pattern thereby to provide a scaled fringe 
pattern; and 

(d) means for demodulating the scaled 
signal information of the fringe pattern for obtaining 
the measurement characteristic represented by the fringe 
pattern. 



33. Apparatus as claimed in either claim 31 or 
claim 32 including means for processing the demodulated 
signal information thereby to determine wavefront data 
representative of the measurement characteristics. 

34. Apparatus as claimed in claim 33 wherein 
the measurement characteristics represent three dimen- 
sional topographic information. 



35. Apparatus as claimed in claim 3 3 including 
means for receiving multiple representations of the 
demodulated signal information and including means for 
averaging the multiple representations thereby to obtain 
an output signal representative of measurement character- 
istics. 
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Apparatus as claimed in claim 3 5 includino 
-ans for analyzing and presenting the measurement ' 
characteristics. 

claim 3 , V' . APParatUS " clai »«» i" -lttar claim 31 or 
claim 32 wherein the input fringe pattern is image data 
representative of an anatomical surface. 

38. Apparatus as daimed in claim 32 wherein 
the image data is selective!, representative of at least 
one of the retinal surface, epithelial surface or endo 

thelial surface of the eye. 

claim 3, J'" . APParatUS 3S Claiffled ^ either claim 31 or 
claim 32 wherein the input fringe pattern is a interfere- 
metric pattern. xnterrero- 



40. Apparatus as claimed in claim 39 wherein 
the input fringe pattern is a moire pattern. 

41. Apparatus for processing a fringe pattern 

charai:: 96 ^ <* measurement 

characteristics, comprising: 

tiv e nf mSanS receivin 9 data representa- 
tive of an input fringe pattern; 

(b) means for demodulating the data to 
obtam information representative of a measurement 
characteristic ; 

«. (C) means for obtaining further represen- 

tations of the demodulated data and for averaging the 
data to obtain an effective average as an output signal 
representative of the measurement characteristics; 

(d) means for removing anomalies falling 
significantly beyond the effective average; and 
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(e) means for analyzing the output signal 
and presenting the output signal as a representation of 
the measurement characteristics. 

42. Apparatus as claimed in claim 41 wherein 
the input data is selectively representative of at least 
one of the surface characteristics of the eye, the sur- 
face being selectively the retinal surface, endothelial 
surface or the epithelial surface. 

43. Apparatus as claimed in either claim 31 or 
claim 32 wherein the demodulation means effectively 
converts the data into a sinusoidal wave pattern, the 
sinusoidal wave pattern having phase modulated and 
frequency modulated characteristics, and wherein the 
phase modulated characteristics is representative of 
depth in a topographical sense and the frequency modu- 
lated signal is representative of the slope of a surface. 

44. Apparatus as claimed in either claim 31 or 
claim 32 wherein the demodulation means effectively 
treats a fringe pattern as a continuing communication 
signal, the communication signal being analyzed by the 
demodulation means. 

45. Apparatus as claimed in either claim 31 or 
claim 32 wherein the filtering means includes means for 
selectively analyzing discrete portions of the fringe 
pattern for determining local noise and background in the 
discrete portions. 

46. Apparatus as claimed in claim 32 wherein 
the means for scaling provides a scaled fringe pattern, 
the sealing means selectively normalizing discrete por- 
tions of the fringe pattern. 
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47. Apparatus as claimed in claim d * • , 
means for comparing the data before seal eluding 
after scaling thereby to oht- a • sca ^ng wxth the data 

5 istics. 7 tne mea surement character- 

10 characteristics, comprising: »easure»ent 

=i,n al information Qf J 

fb> f<ii- • and noise; and 

noise t„ere by J ^^J^ 

sentative of the frin„ fc ^formation repre- 

-n. includes a ^L"^' ^ 
filter. transform based local area 

local area filter. courier transform based 



ij-rs-ciy to means for estim*i-i«„ «... . 
sP-rum, and sacondly to means or : t L« e „:t al - 
power spectrum, and means (or receivinc th " lnPUt 
second spectrum estimations, ZTrZZiZ\ ^ 
computation means for a f<iL?t eCeiV1 " 9 neans """9 
output of the transfer function, tn* 

tput of the computation means being direct.* / 
for compiex multiplying the ,„„„.. • dlrected to means 
receiving data and * fu "=tion vuth the transformed 

»"ipu d 1" r anS f ° r "« ivi ^ £ "e complex 
19nal amJ Performing an inverse Fourier 
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transform thereby to provide an output signal repre- 
sentative of the fringe pattern with noise removed. 

51. Apparatus as claimed in claim 50 wherein 
the means for signal spectrum estimation provides an 
estimate of a center frequency and an estimate of the 
spectral content of the signal, such estimates being an 
indication of the signal information without noise. 

52. Apparatus as claimed in claim 50 wherein 
the input power spectrum estimation means provides an 
estimate of the signal information and noise of the 
entire input signal. 

53. Apparatus for processing a fringe pattern, 
the fringe pattern being representative of measurement 
characteristics, comprising: 

(a) means for receiving data representa- 
tive of an input fringe pattern, the data including 
signal information of the fringe pattern and noise; 

(b) filtering means for removing the 
noise information thereby to provide the signal informa- 
tion representative of the fringe pattern; and 

(c) means for scaling the signal informa- 
tion from the filtering means and for removing from the 
signal information further information representative of 
differences in contrast about the input fringe pattern 
thereby to provide scaled signal information representa- 
tive of the fringe pattern, and wherein the scaling means 
is an adaptive surface roughness compensation means. 

54. Apparatus as claimed in claim 53 wherein 
the compensation means includes means for dividing the 
fringe pattern into discreet pixels, means for defining a 
neighborhood about each pixel, means for collecting data 
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within the neighborhood, means f or computing . • • 

and a maximum contrast within T 

and means for scalina t h - neighborhood, 

thereb, to Prov^ " oTth^T ^ 

neighborhood. ° f th ® pixel vit ^ the 

the size of 5 ; he TT S 33 ClainSd in Clain 54 Wh *"in 

e of the neighborhood is se w oH 
least one frinae selected to contain at 

tringe maximum and one frinnn „ • . 

one rringe minimum signal. 

«» ^in g e 5 patter„ Pa r tUS "" ^ Clai " 54 " he "i" 

th. maximum^ i" " PreSented by a P"tern, and 

noire pattern l d th """"^ " y 3 dark lin * «* the 

pattern and the minimum signal bv a sn »^. .. - 
the dark lines i„ .... V s P ac e between 

lines m the moire pattern > n j ..l. 
effectively ad-i us *= - u . " rn ' and "herein scaling 

eiy adjusts each pixel to vary between » „>„< 
and a minimum, the maximum and the minim™ b 
cable to adjacent pixels. ^ aPP "- 

taraet < APParatus for Slivering laser energy to a 

target in a cornea region of an eye comprising: 

laser beam at a 'rL^"" ■ ''"""i"* ene ^ in a 

is absorbed by water; " 1 "" WaVel6n9th "* that °"«*V 

(b) means for fncueinn 
selected cart <„ ^ focusing the energy to a 

<e P th bet:::; s ~ i^rrrr selected 

endothelial surface of ^ „ and an 

- User beam h^s t^™^ ^ *» 

Elected path al^ T™ traCi " 0 th6 User b "» °" a 

°n that p at ; th k 9 COrnM St Sele=ted 

path thereby to change the shape of the cornea. 

the target U iT^T" " " •" ,e " in 

9 13 ln " ,tro « region of the cornea. 
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59. Apparatus as claimed in claim 57 wherein 
the traced path forms a closed loop. 

60. Apparatus as claimed in claim 59 wherein 
the closed path forms a Schwalbe 's-like line. 

61. Apparatus as claimed in claim 57 wherein 
the intensity at the target is in the range of between 
about 0.5 to about 2 watts/cm 2 . 

62. Apparatus as claimed in claim 61 wherein 
the intensity is in the range of about l.i watts/cm 2 . 

63. Apparatus as claimed in claim 57 wherein 
the beam focuses energy at the target to form a diameter 
of between about 10 to about 50 microns. 

64. Apparatus as claimed in claim 63 wherein 
the focus diameter is about 25 microns. 

65. Apparatus as claimed in claim 57 wherein 
the intensity of the beam at the epithelial surface is 
about 5 x io" 3 watts/cm 2 . 

66. Apparatus as claimed in claim 57 wherein 
the intensity at the endothelial is about 2.0 X 10* 4 
watts/cm 2 . 

67. Apparatus as claimed in claim 57 wherein 
the laser beam is generated by a a\ laser. 

68. Apparatus as claimed in claim 57 wherein 
the laser beam is focused towards the target at a +' 
number' of about 0.76. 
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-ans for ^Lo^^T" " ClaiMd " 57 incl ^n* 

eye. n,ean s "r Le di „T da r :r CtiVa «« the 

tive characteristic L " rePreSe " tatiVe ° f «- «*«c- 

eristics to the means for tracing t-n„ ■. 
beam on the selected nafh * ^ tracing the laser 

ccea Path, and means for causing *.». 
tracing means to follow a ™*-h * "using the 

r-f • l0W a P atn ^ Provide different 

refractive characteristics of the eye bv C h* 
shape of the CO m« a • y chan 9 ln 9 the 

p r the cornea m terms of the traced path and 
thereby to effect a ^ p n and 

istics ha " 9S ° f the «*™<*ive character- 

^active L """"^ "» 

wcixstics of the eyes of a nafi««<. 
means for nieasurin« +-w patient, 

measuring the shape and thickness of f h - 
of the eyes and * ness of the cornea 

cha„ M , r determin ^ the refractive 

changes necessary to chan™ <-k lve 

the eyes and mean V ° VeraU re£ ^ion of 

target on .^.^ ^'"^ laS ~ *■ the 

tiol k Selected P at h to thereby change the refrac- 
tion characteristics of the eyes. ■ 

7 <- Apparatus as claimed in claim 72 im-i.,*- 
computer pnnfmi _ aira including 
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75. Apparatus as claimed in claim 74 including 
feedback means for continually controlling the laser beam 
operation and tracing means. 

76. Apparatus as claimed in claim 57 including 
directing the energy to water molecules in a stroma of 
the eye. 

77. Apparatus as claimed in claim 57 wherein 
means is provided for analytically dividing the corneal 
region into finite elemental areas, computing means for 
analyzing relative stress factors between the finite 
elemental areas, means for determining the heating effect 
on one or more selected finite elemental areas relative 
to stress factors between the elemental areas thereby to 
change the physical relationship between the respective 
elemental areas and the physical corneal material, and 
means for directing the application of heat to selected 
elemental areas. 

78. Apparatus as claimed in claim 57 including 
means for optically analyzing the corneal region in 
elemental areas, and means for applying a structural 
analysis technique to the elemental areas to provide 
information about the effect of applying heat to the 
elemental areas. 

79. Apparatus as claimed in claim 78 including 
means for applying energy to selected elemental areas as 
determined by the finite elemental analysis thereby to 
change the optical refractive system in the eye. 

80. Apparatus as claimed in claim 77 wherein 
the selected elemental areas are the target of the beam. 
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81 • Apparatus as ci,;^, . 

the seated ele nen t al areas are t h " Clal " " 

the target of fche bea ^ 

82 " Apparatus as claimori • 
™«ns for chan ging substantiallv ! " ^ " lnclud «* 
refractive characteristic""^ SlOUlt «"us ly the 

tics of two eyes of a patient. 

Apparatus as clai„^ • 
■neans for selectiveiy vie„i„! " Clal " 73 «=lu ding 

•t ""erent Preaeter JnelMr 963 " d " ferent 
refractive information at the * "* 

obtaining 

times, means ,„ determining "T"* 6 '"""ermine 
refractive characteristics anri Chan?ln9 the 

^ser oeem to heat the cornea 'JT * 
refractive characteristics " by Chsn * e th. 

nstics according to the deterged 

84 • A method for 
Parameter of an eiement comprising * P » d «-ined 

(a) generating a colli nated , w ,. 
O) directing th, v, 9 baM1; 

"herein the beam is xmtl J** f bea » the eUment 

(O d . SCted fr °" the el eMnt; 

' «« g rati ng to deve^T^f ^ *— * 

— -ting ^'devXTLit * 
*- — -ennatnf^^" ^ * «- 

85 • A method as claims • 
=°nver ging the beaB belng r ^ " 34 i ncl udi ng 

the surface of the eleaent. 

86 • A method as clai»=^ • 
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free moire pattern thereby to provide measurement data of 
the element. 

87. a method for processing a fringe pattern 
the pattern being representative of measurement charac- 
teristics, comprising: 

(a) receiving data representative of an 
-input fringe pattern, the data including signal informa- 
tion of the fringe pattern and noise; 

(b) removing the noise thereby to provide 
the signal information representative of the fringe 
pattern; and 

(c) demodulating the signal information 
of the fringe pattern thereby to obtain measurement 
characteristics represented by the fringe pattern. 

88. A method for processing a fringe pattern, 
the fringe pattern being representative of measurement 
characteristics, comprising: 

(a) receiving data representative of an 
input fringe pattern, the data including signal informa- 
tion of the fringe pattern and noise; 

(b) removing the noise thereby to provide 
the signal information representative of the fringe 
pattern ; 

(c) receiving the signal information from 
the filtering means and for removing from the signal 
information further information representative of differ- 
ences in contrast about the input fringe pattern thereby 
to provide a scaled fringe pattern; and 

(d) demodulating the scaled signal infor- 
mation of the fringe pattern for obtaining the measure- 
ment characteristic represented by the fringe pattern. 
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(b) focusing the energy to a salaam 
part „ the cornea at , pre d eter» ined S e lec ted deotT 
between an epithelial surface of th- t6d depth 

thelial surface of the 7 " " d ln end °- 

User b ea„ h ea:s^t:~ reby *" 

an. beatinrLtrtl .T^LT^' — ~ 
path there by to change the shape oTtt corn'ea °" 
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